The level of genetic diversity in the recently evolved stabilized introgressant Senecio vulgaris var. hibernicus was compared to that within its parental taxa, S. vulgaris var. vulgaris and S. squalidus, over three esterase loci -aEst-1, flEst-1 and /3Est-3. It was established that var. hibernicus contained much less genetic diversity at the aEst-] and f3Est-3 loci than was present in var. vulgaris. This was evident irrespective of whether var. vulgaris was sampled from populations containing both var. hibernicus and var. vulgaris or populations monomorphic for var. vulgaris. Moreover, the f3Est-] locus which was present in S. squalidus, but absent from var. vulgaris, was also absent from var. hibernicus, while the f3Est-3b allele which occurred at high frequency (92 per cent) in S. squalidus was present at a low frequency (8 per cent) in var. hibernicus. It is concluded that var. hibernicus has gained no increased genetic diversity for esterases via introgression of germplasm from S. squalidus. The maintenance of a low level of genetic diversity for esterases in var. hibernicus, relative to var. vulgaris in populations containing both variants, was surprising in view of the level of intervariant crossing known to occur in such populations. The possibility of a post-mating breeding barrier existing between the two variants of S. vulgaris which might maintain genetic differences is briefly discussed.
Introduction
Introgressive hybridization has long been recognized as a powerful mechanism for generating new genetic variation within plant species (Anderson, 1949 (Anderson, , 1953 Stebbins, 1969; Grant, 1981) . Only recently, however, has it been confirmed that certain products of the process may evolve into new variant forms of a species with distributions beyond the zone of active hybridization (Rieseberg eta!., 1990; Abbott eta!., 1992) . In the genus Senecio, a survey of allozyme variation for aspartate aminotransferase (AAT) confirmed that the radiate variant of S. vulgaris L., var. hibernicus Syme, originated in Britain following introgression of germplasm from the introduced S. squalidus (2n = 20) into the native non-radiate variant of S. vulgaris L., var. vu!-garis L. (2n =40), (Abbott et a!., 1992) . The radiate variant, which produces capitula with ray florets, in population genetic structure, Senecio squalidus, 547 contrast to the non-radiate variant with capitula containing only disc florets, is believed to have originated during the early part of the 19th century (Abbott et a!., 1992) , following the escape of S. squalidus from the Oxford Botanic Garden at the end of the 18th century (Druce, 1927) . The variant is now widespread in Britain and occurs with the non-radiate variant as an early colonist of open disturbed ground in urban areas.
The survey of AAT variation conducted by Abbott eta!. (1992) established that at one locus, Aat-3, which is duplicated in S. vulgaris, an allele which occurs at high frequency in British populations of S. squalidus was also common in radiate S. vulgaris var. hibernicus, but was rare among individuals of non-radiate S. vu!-garis var. vulgaris which co-occurred with var. hibernicus and was absent from populations monomorphic for var. vulgaris. Apart from providing confirmation of the introgressive origin of var. hibernicus, the survey established that var. hibernicus exhibited greater genetic diversity than var. vulgaris for Aat-3.
Assuming a single or limited number of origins, a recently evolved stabilized introgressant is expected to contain only a sample of the allelic diversity present within the ancestral non-introgressed taxon. In addition, only a small proportion of genes specific to or at high frequency in the donor species is likely to become incorporated into a stabilized introgressant. Selection is expected to remove those donor genes which reduce fitness, while repeated backcrossing to the 'recipient' species will reduce the frequency of donor genes which are selectively neutral. Founder effects and drift may act to oppose the loss of donor alleles (especially in a colonizing species such as S. vulgaris), as will mating which reduces backcrossing, e.g. positive assortative mating and/or self-fertilization. Eventually, however, those donor alleles which remain present in a stabilized introgressant are likely to have been favoured by selection or associated with loci at which such alleles occur.
To provide an estimate of genetic diversity in S. vulgaris var. hibernicus, relative to that within var. vulgaris and S. squalidus at loci other than the Aat-3 locus, a survey of allozyme variation was conducted over 12 additional enzyme systems. Of these systems, only two (a-and /3-esterase) proved to be polymorphic in British S. vulgaris. This paper, therefore, centres on the results of a survey of esterase variation in the three taxa of Senecio following a genetic analysis of the inheritance of esterase variants in S. vulgaris.
Materials and methods
Seeds or whole plants of S. vulgaris var. hibernicus and var. vulgaris were collected from 18 British populations that were polymorphic for capitulum type. In addition, seeds were collected from seven populations monomorphic for var. vulgaris, and from 23 British populations of S. squalidus. Site descriptions are given in Ashton (1990) and Irwin (1990) . The seed of each parent plant sampled was germinated to provide one offspring per mother plant for electrophoresis. Alternatively, material from individuals collected directly from the field was used for electrophoresis.
Starch gel electrophoresis was conducted on crude protein extracts of young leaves or flower buds. The following enzymes were assayed: acid phosphatase, a-esterase (aEST), j3-esterase (/3EST), glucose-6-phosphate dehydrogenase, glutamate dehydrogenase, glyceraldehyde-3-phosphate dehydrogenase, malate dehydrogenase, malic enzyme, peroxidase, 6-phosphogluconate dehydrogenase, phosphoglucomutase, and phosphoglucose isomerase. Details of electrophoretic and staining procedure are given in Ashton (1990) and Irwin (1990) . British material of S. vulgaris (var. vulgaris and var. hibernicus) was found to be monomorphic for all systems assayed except a-and /3-esterase.
Genetic analysis of esterase variants A preliminary survey of esterase variation in a sample of S. vulgaris from Edinburgh (Nat. Grid Ref.
NT261762) revealed polymorphism within one zone of activity on gels stained for a-esterase, and in two zones of activity on gels stained for f3-esterase (Fig. 1) . Two esterase bands, fast and slow, occurred in both the aEst-1 and f3Est-2 zones of activity, while three bands -fast, intermediate and slow -were resolved in the f3Est-3 zone of activity. The most anodally migrating (fast) isozyme within each zone was designated a, the next b, and so on. The esterase variation found in the Edinburgh sample encompassed the range of variants detected subsequently in other populations of S.
vulgaris. Crosses were made between true breeding individuals which exhibited different single banded phenotypes in one or more zones of esterase activity (Table 1) . Details of the crossing procedure are given in Irwin (1990) and Abbott et al. (1992) . F1 offspring, and F2 families (produced after selfing F1), were grown on and screened for esterase phenotype. In cases where parents were of alternative capitulum type, plants were raised to flowering and recorded for capitulum type.
In S. squalidus, a preliminary survey of material sampled from Edinburgh (Nat. Grid Ref. NT268765) revealed the same esterase variants within the f3Est-2 and /3Est-3 zones of activity as found in S. vulgaris. It was assumed that the inheritance of variants within the f3Est-3 zone was the same as in S. vulgaris (see below).
S. squalidus, in contrast to S. vulgaris, did not exhibit any a-esterase activity, but produced a third zone of fi-esterase activity (f3Est-1) with individuals showing monomorphism for a single band (/3Est-la). Lack of expression of /3Est-1 in S. vulgaris and aEst-1 in S. squalidus seems to result from gene absence rather than suppression, as both genes are expressed in the allohexaploid S. cambrensis which combines the genomes of both species (Ashton & Abbott, 1992 ; and personal observation).
Results

Inheritance of esterase variation in S. vulgaris
For aEst-1 and /3Est-3, crosses between parents which differed in single-banded phenotype produced F1 offspring exhibiting a double-banded phenotype. The F2 families segregation fast-, double-and slow-banded phenotypes in a ratio not significantly different from 1:2:1 (Table 1 ). It is concluded that variation for each of these enzymes is controlled by a single locus with two co-dominant alleles occurring at the aEst-1 locus, and three co-dominant alleles at the f3Est-3 locus.
For Est-2, F1 offspring produced a single fastbanded phenotype (fiEst-2a), while in the F2, fast and slow (flEst-2b) banded phenotypes segregated in a ratio not significantly different from 3:1. A possible explanation for the absence of the expected double banded 'heterozygous' phenotype in the F1 and F2 generations, is that variation for fiEst-2 is due to polymorphism at a 'modifier' locus which has an effect on the electrophoretic properties of the esterase produced by the f3Est-2 locus. The occurrence of modifier genes which affect the mobility of particular proteins in plants and animals is well known (Manwell & Baker, 1970; Weeden & Wendel, 1989) , and can cause one electrophoretic variant to appear to be dominant to another.
In the two crosses which involved parents with alternative capitulum types, the F2 plant's segregated radiate, intermediate and non-radiate phenotypes in a ratio not significantly different from 1:2:1 ( Trow (1912) , Hull (1974) and Abbott etal.(1992) . Chi-squared contingency tests of the joint segregation of pairs of loci revealed no evidence of linkage between the locus controlling capitulum type (ray floret locus) and the three esterase loci (aEst-1, f3Est-2 and f3Est-3) ( Table 2 ). There was also no evidence of linkage between the /3Est-2 locus (or the modifier locus which may produce polymorphism for /3Est-2) and the two other esterase loci. Only between the aEst-] and fiEst-3 loci was linkage established. The recombination fraction between this pair of loci was calculated for each of four different crosses using the maximum likelihood procedures of Allard (1956) . This was conducted by means of the LINKAGE-i program of Suiter et al. (1983) . For three of the crosses the recombination fraction ranged between 0.32 and 0.38, however in the fourth cross the value dropped to 0.22.
Genetic diversity
In view of the inability to resolve a 'heterozygous' making identification of the phenotype difficult in some samples, the survey of esterase diversity was restricted to the flEst-3 locus in S. squalidus and the aEst-l and j3Est-3 loci in S. vulgaris. The most common allele at the flEst-3 locus in all populations, of S. squalidus was the /3Est-3b allele (Table 3) . This allele was fixed in five out of 23 populations surveyed, and occurred at a frequency of 92 per cent over all individuals examined. It follows that the total gene diversity (HT) estimated according to Nei (1973) , i.e.
HT= I >X1 where is the mean frequency of the ith of K alleles for the populations surveyed, was low in S. squalidus at the /3Est-3 locus (Table 4) , and resulted largely from diversity within populations (H5) rather than between them (DST). F statistics (Wright, 1951) computed using the computer package atosys-i (Swofford & Selander, 1981) , showed that the overall correlation between uniting gametes (FIT) was greater than expected with panmixia, due largely to a deficiency in heterozygotes from expected within populations (F15) rather than genetic subdivision between populations (FST) ( Table  5) . Nevertheless, positive fixation index values (F0) were computed for only half of the 18 polymorphic populations examined (Table 3) showing that there was no deficiency in heterozygotes from expected in many of the populations surveyed.
In contrast to the situation in S. squalidus, the most common allele at the /3Est-3 locus in S. vulgaris was the /3Est-3c allele ( The lower level of genetic diversity in var. hibernicus relative to var. vulgaris based on allelic frequencies was reflected in estimates of total gene diversity (HT) ( Table  4 ). It was evident that over both esterase loci var. vulgaris contained approximately 3-3.5 times the amount of gene diversity present in var. hibernicus. For populations monomorphic for var. vulgaris, gene diversity stemmed mainly from allelic diversity between populations, i.e. GST = 0.827, where GST= DSTII,T whereas for populations polymorphic for capitulum type, diversity resulted largely from variation within populations (var. vulgaris, GST= 0.292; var. hibernicus GcT 0.33 7). [Note that GST is equivalent to FST (Swofford & Selander, 1981) as is evident from the values for these two statistics presented in Tables 4 and  5 ]. Low GST values are unexpected in colonizing and predominantly self-fertilizing species such as S.
vulgaris. Much more common are high GcT values, i.e. of the type found for populations monomorphic for var. vulgaris (Hamrick & Godt, 1990) . In this regard, the accuracy of the low GcT (= FST) values calculated for both variants of S. vulgaris in polymorphic populations should be treated with some caution given the large sampling errors associated with these statistics when certain alleles occur at low frequency.
As expected for a predominantly selfing species, estimates of F1 were high in S. vulgaris, with the highest values exhibited by populations monomorphic for var. vulgaris (Table 5) . These populations displayed a marked deficiency of heterozygotes from that expected with panmixia within populations (high F15 values) in addition to the considerable genetic subdivision The genetic similarity between populations within 'Jixy where x, and y1 are the frequencies of the ith allele in populations X and Y respectively). This was conducted using BIOSYS-1, after which a mean genetic identity was calculated for each taxon or pair of taxa investigated ( Analysis at the /3Est-3 locus showed that genetic identities between S. vulgaris taxa and S. squalidus were very low, as expected given the level of divergence in allelic frequencies between these two species. Not surprisingly, a very high value for I was computed for S. squalidus populations at the /3Est-3 locus emphasizing the lack of allelic diversity between populations in this species.
Estimates of gametic phase disequilibrium (L) at the aEst-] and /3Est-3 pair of loci were calculated for the few populations of S. vulgaris in which both loci were polymorphic (Table 8) 1.000 - The sample from the Edinburgh (1) population was different from that subjected to a preliminary survey of esterase variation in S. vu/ga ris (see Materials and Methods), and did not contain the j3Est-3a allele found in the earlier sample. where n is the number of individuals scored and Pi, P2 and q1, q2 are the allele frequencies at the aEst-] and flEst-3 loci respectively. Q is approximately distributed as x2 with one degree of freedom (Hill, 1974 Although a reduced level of allelic diversity at the aEst-1 and /Est-3 loci in var. hibernicus relative to var. vulgaris may not be unexpected for comparisons involving populations monomorphic for var. vulgaris, it is surprising that this varietal difference is maintained in populations containing both variants. The outcrossing rate between the two variants in populations polymorphic for capitulum type is known to reach 35 per cent on occasion (Marshall & Abbott, 1984) and it would be expected, therefore, for differences in allelic frequency between the variants to disappear quickly given that neither esterase locus is linked to the ray floret locus. The fact that differences in ailelic frequency are maintained at esterase loci might indicate that a breeding barrier exists between the two variants of S. vulgaris which is not reflected by the intermorph outcrossing rate. This is further suggested by the results of an analysis of gametic disequilibrium (I) in each morph. In two of the three populations where it was possible to compute i3 for each morph, it was established that when one morph exhibited significant gametic disequilibrium the other did not. A reduction in gene flow between the two variants would occur if the products of intermorph crossing were of reduced fitness relative to intramorph offspring. Some evidence in support of this hypothesis comes from the work of Marshall (1982) who found that in all populations of S. vulgaris, investigated, which contained both var. hibernicus and var. vulgaris, the observed fixation index at the ray floret locus was greater than expected based on the recorded outcrossing rates of morphs in these populations. One explanation for this would be that the products of intermorph crossing were of reduced fitness. Further study is required, however, to substantiate this hypothesis.
If some form of breeding barrier is present between var. hibernicus and var. vulgaris in populations containing both variants, this might act not only to maintain existing genetic differences between the variants but also to promote further divergence between the two variants in the future.
